SUMMARY
Nutrient-sensing pathways respond to changes in the levels of macronutrients, such as sugars, lipids, or amino acids, and regulate metabolic pathways to maintain organismal homeostasis [1, 2] . Consequently, nutrient sensing provides animals with the metabolic flexibility necessary for enduring temporal fluctuations in nutrient intake. Recent studies have shown that an animal's ability to survive on a high-sugar diet is determined by sugarresponsive gene regulation [3] [4] [5] [6] [7] [8] . It remains to be elucidated whether other levels of metabolic control, such as post-translational regulation of metabolic enzymes, also contribute to organismal sugar tolerance. Furthermore, the sugar-regulated metabolic pathways contributing to sugar tolerance remain insufficiently characterized. Here, we identify Salt-inducible kinase 3 (SIK3), a member of the AMP-activated protein kinase (AMPK)-related kinase family, as a key determinant of Drosophila sugar tolerance. SIK3 allows sugar-feeding animals to increase the reductive capacity of nicotinamide adenine dinucleotide phosphate (NADPH/NADP + ). NADPH mediates the reduction of the intracellular antioxidant glutathione, which is essential for survival on a high-sugar diet. SIK3 controls NADP + reduction by phosphorylating and activating Glucose-6-phosphate dehydrogenase (G6PD), the rate-limiting enzyme of the pentose phosphate pathway. SIK3 gene expression is regulated by the sugar-regulated transcription factor complex Mondo-Mlx, which was previously identified as a key determinant of sugar tolerance. SIK3 converges with Mondo-Mlx in sugar-induced activation of G6PD, and simultaneous inhibition of SIK3 and Mondo-Mlx leads to strong synergistic lethality on a sugar-containing diet. In conclusion, SIK3 cooperates with Mondo-Mlx to maintain organismal sugar tolerance through the regulation of NADPH/ NADP + redox balance.
RESULTS AND DISCUSSION

SIK3 Regulates Sugar Tolerance and Glucose Metabolism
In the search for new genes essential for sugar tolerance, we encountered Salt-inducible kinase 3 (SIK3; CG42856). The salt-inducible kinases (SIKs) belong to the family of the AMPactivated protein kinase (AMPK)-related kinases, and they are emerging as key regulators of energy metabolism and growth [9] [10] [11] [12] [13] [14] [15] . Although SIK3D72 null mutants were previously denoted to display an early larval lethal phenotype [14] , nearly 50% of them developed to pupal stage on a low-sugar diet (LSD) (Figure 1A) . In contrast, on a high-sugar diet (HSD), the development of SIK3D72 larvae was strikingly impaired, leading to almost complete larval lethality ( Figure 1A ). Similarly to the mutants, animals with ubiquitous knockdown of SIK3 by RNAi were highly sugar intolerant ( Figure 1B ; Table S1 ). Furthermore, SIK3 knockdown larvae survived poorly on a sugar-only diet (Figures 1C and  S1A; Table S2 ). HSD reduced food intake in general, but there was no significant difference between control and SIK3D72 mutant animals on an HSD ( Figure 1D ). We confirmed earlier findings of reduced lipid levels in SIK3-deficient animals (Figure S1B) [14] but also discovered several additional metabolic phenotypes. While circulating glucose remained unchanged ( Figure 1E ), the SIK3D72 mutants displayed elevated levels of circulating trehalose ( Figure 1F ). High levels of lactate and sorbitol, two glucose-derived metabolites, also implied that glucose metabolism was disturbed in SIK3-deficient animals ( Figures  1G and 1H ). Moreover, SIK3D72 mutants displayed hemolymph acidification ( Figure 1I ), a phenotype observed earlier in mutants of Activin encoding dawdle with impaired glucose metabolism [7] . In conclusion, our data suggest that SIK3 is a key determinant of sugar tolerance and that its role in metabolic regulation in vivo is significantly broader than previously anticipated.
Mondo-Mlx Regulates SIK3 Expression
Similarly to SIK3D72 mutants, mlx mutants display sugar intolerance and high circulating trehalose levels, as well as reduced triacylglycerol (TAG) levels [4, 16] . Moreover, mlx mutants also displayed high circulating sorbitol levels and low hemolymph pH ( Figures S2A and S2B ). These phenotypic similarities led us to explore the possible functional relationship between SIK3 and Mondo-Mlx. Interestingly, the expression of SIK3 was downregulated in mlx mutants during all larval stages (Figure 2A ). The
Mondo-Mlx complex is most highly expressed in the fat body and in the gut and renal (Malpighian) tubules [4] . Consistently, we found the mRNA expression of SIK3 to be Mlx dependent in all of these tissues ( Figure 2B) . To test the possible sugardependent regulation of SIK3, we fed first-instar Drosophila larvae with an LSD versus an HSD for 16 hr and observed that SIK3 expression was modestly, but significantly, elevated on an HSD ( Figure 2C ). mlx mutants displayed no elevation of SIK3 expression in response to dietary sugar ( Figure 2C ). To explore whether SIK3 is a direct target of Mondo-Mlx, we searched the SIK3 promoter region for putative Mondo-Mlx binding sites, i.e., carbohydrate response elements (ChoREs; consensus CACGTGnnnnnCACGTG [17] ). We found a putative ChoRE, which was conserved among Drosophilae ( Figure 2D ).
Chromatin immunoprecipitation (ChIP) in S2 cells revealed a moderate, but significant, enrichment of Mlx on the SIK3 promoter region, and the Mlx binding was increased on high glucose ( Figure 2E ). In conclusion, our results show that SIK3 gene expression is regulated by Mondo-Mlx, and the phenotypic similarities further suggest functional interplay between SIK3 and Mondo-Mlx on metabolic regulation.
SIK3 Controls Glucose-6-Phosphate Dehydrogenase
We observed earlier that the pentose phosphate pathway (PPP) is transcriptionally regulated by Mondo-Mlx and that PPP activity is essential for sugar tolerance and maintaining TAG levels [16] . The phenotypic similarities of SIK3 and mlx mutants led us to hypothesize that SIK3 might also regulate PPP activity. Indeed, Error bars indicate SD. *p < 0.05; **p < 0.01; ***p < 0.001; n.s., not significant. See also Figure S1 and Tables S1 and S2. co-immunoprecipitation uncovered a physical interaction between SIK3 and glucose-6-phosphate dehydrogenase (G6PD; encoded by Zwischenferment; Zw), the rate-limiting enzyme of the PPP ( Figure 3A ). To analyze G6PD phosphorylation, we utilized phosphate-binding tag (Phos-tag) SDS-PAGE [18] . Co-expression of SIK3 induced several slow-migrating bands of G6PD ( Figure 3B ), which were confirmed to be phosphorylated forms by alkaline phosphatase treatment ( Figure S3A ). An in vitro kinase assay to detect the activity of SIK3 co-purified with G6PD provided further evidence of SIK3-mediated phosphorylation of G6PD ( Figure 3C ). To identity the phosphorylation sites of SIK3, we utilized mass spectrometric analysis of G6PD, which was affinity purified from S2 cells. In total, eight high-confidence phosphorylation sites were detected ( Figure S3B ; Table S3 ), and six of them were only present upon SIK3 co-expression ( Figure 3D ). These six sites may be both directly and indirectly regulated by SIK3. Since SIK3 is a serine/threonine kinase, phosphorylation of Y384 is most likely mediated by another kinase, possibly following the priming phosphorylation by SIK3. We generated transgenic flies of wild-type (WT) G6PD and the mutant form with the six SIK3-dependent phosphorylation sites mutated into corresponding non-phosphorylatable amino acids (6xP-mut). An in vitro assay to measure G6PD enzyme activity from larval lysates revealed that WT G6PD activity was increased upon sugar feeding, while the activity of the phospho-deficient mutant was not ( Figure 3E ). This was consistent with the idea that SIK3-mediated phosphorylation activates G6PD upon sugar feeding. Endogenous G6PD activity in control larvae was also elevated in response to an HSD, but this increase was not observed in SIK3 mutants or in SIK3 RNAi animals ( Figures 3F and S3C) . Knockdown of G6PD served as a positive control ( Figures S3C and S3D) . In accordance with Zw and SIK3 being transcriptional targets of Mondo-Mlx (Figure 2) [16], we observed an impaired sugar-induced activation of G6PD in mlx mutants ( Figure 3G ). However, unlike mlx mutants [16] , SIK3 mutants did not display reduced Zw mRNA expression ( Figure 3H ), which supports the idea that SIK3 regulates G6PD activity post-translationally. Furthermore, knockdown of G6PD led to elevated circulating trehalose levels ( Figure S3E ), in addition to sugar intolerance and low TAG levels reported earlier [16] .
Synergistic Regulation of Sugar Tolerance by SIK3 and Mondo-Mlx Our data implied that SIK3 synergizes with Mondo-Mlx to control G6PD activity. Thus, it was plausible that mondo-mlx and SIK3 interact genetically. To test this, we depleted SIK3 and mondo (encoding the essential interaction partner of Mlx) by RNAi and monitored the development of the animals. Strikingly, ubiquitous double knockdown of Mondo and SIK3 caused a strong synthetic phenotype, leading to larval growth impairment and lethality on moderate levels (5%) of dietary sucrose ( Figure 3I) . Furthermore, the SIK3, mlx double mutants displayed synergistic lethality on a sugar-only diet ( Figure 3J ; Table S2 ).
SIK3-Mediated Glutathione Reduction Contributes to Sugar Tolerance
Since the oxidative branch of the pentose phosphate pathway is crucial in generating reductive power in the form of NADPH [19] , we predicted that the regulation of NADPH/NADP + balance might be deregulated in the SIK3 mutant animals. This was the case, since the NADPH/NADP + ratio was significantly elevated in HSD-fed control animals, but such an increase was not observed in SIK3 mutants ( Figure 4A ). Similar results were obtained with mlx mutants ( Figure S4A ). The reducing equivalents of NADPH are necessary for counteracting oxidative stress through the glutathione (GSH) redox couple (GSH/GSH disulfide, GSH/GSSG) ( Figure 4B ). In agreement with a low NADPH/ NADP + ratio, the GSH/GSSG ratio was reduced in SIK3 mutants on an HSD ( Figure 4C ), as well as upon G6PD knockdown (Figure S4B) . Moreover, feeding larvae with reduced glutathione partially rescued the pupariation of SIK3D72 mutants on a sugar-containing diet ( Figure 4D ; Table S4 ).
Drosophila genome lacks glutathione reductase, and the glutathione reduction is mediated through reduced thioredoxin ( Figure 4B ) [20] . Loss-of-function of thioredoxin reductase-1, an enzyme that uses NADPH to reduce thioredoxin (and, consequently, GSH), led to significantly impaired sugar tolerance (Figures 4E and S4C ; Table S1 ). Glutathione prevents oxidative Error bars indicate SD. *p < 0.05; ***p < 0.001; n.s., not significant. See also Figure S3 and Tables S2  and S3. damage of cellular biomolecules, including peroxidation of lipids ( Figure 4B ) [21] . Consistent with the low GSH/GSSG ratio, the levels of lipid peroxides were significantly elevated in sugar-feeding SIK3 mutants ( Figure 4F ). Furthermore, depletion of glutathione peroxidase PHGPx, a GSH-dependent enzyme involved in counteracting lipid peroxidation [21] , led to sugar intolerance (Figures 4G and S4D ; Table S1 ). This further corroborated the role of oxidative stress prevention in sugar tolerance.
Conclusions
To conclude, we show that SIK3-deficient Drosophila larvae display lethality on an HSD and thus that SIK3 is a critical mediator of sugar tolerance. While SIK3 was earlier shown to control Drosophila lipid catabolism and tissue growth [9, 10, 14, 15] , our study provides evidence for SIK3-mediated control of glucose metabolism and NADPH redox balance, thereby significantly broadening the known in vivo role of SIK3. Earlier studies have shown that Drosophila SIK3 regulates metabolism via phosphorylation of the transcriptional cofactor HDAC4 and tissue growth by phosphorylating Salvador, a component of the Hippo signaling pathway [9, 14, 15] . We observed that SIK3 forms a complex with G6PD and controls its activity by phosphorylation. Loss of SIK3-dependent phosphorylation sites prevented post-translational activation of G6PD upon sugar feeding, demonstrating the functional relevance of SIK3-mediated G6PD phosphorylation in vivo.
Earlier studies in mammalian cells and rats have shown G6PD to be phosphorylated by protein kinase A, which inhibits G6PD activity [22, 23] . It is perhaps not surprising that SIK3 and protein kinase A (PKA) might be counteracting each other on G6PD regulation since, in cAMP-response-element-binding protein (CREB)-mediated transcription, SIK family members and PKA also mediate opposing activities. PKA-mediated phosphorylation activates CREB [24] , while SIK family members inhibit the cofactor of CREB, CRTC (CREB-regulated transcription coactivator) [25] [26] [27] . Furthermore, PKA phosphorylates and inhibits Drosophila SIK3 [14] , while SIK3 is activated by insulin-mediated phosphorylation [9, 14] . We revealed an additional layer of SIK3 regulation by observing that SIK3 gene expression is reduced in mlx mutants. We identified a binding site for Mlx in the SIK3 promoter, suggesting that SIK3 is a direct Mondo-Mlx target, although we cannot rule out indirect mechanisms. Given the relatively modest increase of SIK3 expression on an HSD, it is also likely that post-translational mechanisms are involved in the sugar-induced activation of SIK3. We recently showed that Mondo-Mlx transcriptionally activates the pentose phosphate pathway, including the G6PD-encoding gene Zw [16] . Thus, Mondo-Mlx and SIK3 appear to form a regulatory circuit, which converges on the control of G6PD. Such dual regulation through gene expression and phosphorylation is likely to increase the dynamic range of G6PD activation upon sugar feeding and thereby extend the range of tolerated dietary sugar. Indeed, simultaneous RNAi-mediated inhibition of SIK3 and Mondo-Mlx had (B) Schematic presentation of redox balance regulation by G6PD. G-6-P, glucose-6-phosphate; 6-PGL, 6-phosphogluconolactone; Trx, thioredoxin; LOOH, lipid peroxide; LOH, stable hydroxylated lipid derivatives. (C) GSH/GSSG ratio is increased by 16 hr of an HSD in third-instar control larvae, but not in SIK3D72 mutants. n = 5-6. (D) Glutathione feeding partially rescues SIK3D72 pupariation on a sugar-containing diet (5% sucrose) while having no significant effect on an LSD. n = 12-14 (control), n = 17-18 (SIK3D72 mutant).
(E) Ubiquitous loss of thioredoxin reductase-1 (Tub>TrxR-1 RNAi) leads to sugar intolerance. n = 3. (F) SIK3D72 mutant third-instar larvae display elevated levels of lipid peroxides after 16 hr on an HSD. n = 4-6. (G) Ubiquitous loss of glutathione peroxidase PHGPx (Tub>PHGPx RNAi) leads to sugar intolerance. n = 6-8.
Error bars indicate SD. *p < 0.05; **p < 0.01; ***p < 0.001; n.s., not significant. See also Figure S4 and Tables S1 and S4. devastating consequences, leading to early larval lethality on moderate (5%) sugar levels. It will be interesting to learn whether the convergent control via gene expression and phosphorylation will also involve other sugar-regulated genes.
One of the key findings of our study is the dynamic control of NADPH-GSH reductive capacity in response to sugar feeding and its importance on sugar tolerance. Larvae lacking SIK3 were unable to elevate their NADPH/NADP + ratio and displayed signs of oxidative stress on an HSD. Inhibition of glutathione reduction by RNAi against thioredoxin reductase-1 conferred animals intolerant to an HSD, while having no impact on animals on an LSD, and the feeding of glutathione increased the survival of SIK3 mutants specifically on a sugar-containing diet. This study, together with earlier findings by us and others [4, 5, 16, 28] , supports a model where sugar-sensing pathways synchronously coordinate the activities of several pathways that mediate safe elimination and storage of the excess carbon skeletons provided by dietary sugars. This includes activation of glycolytic and lipogenic gene expression programs, as well as an increase of NADPH reductive capacity through G6PD activation. The need for elevated GSH reductive capacity on HSD might stem from the challenge posed by reactive metabolic intermediates, such as methylglyoxal, formed during high glycolytic activity [28] . On the other hand, de novo lipogenesis requires a high degree of NADPH, which would impair the proper function of the GSH-mediated prevention of oxidative stress, unless the generation of reductive capacity is simultaneously increased. Future studies will elucidate whether other pathways regulating NADPH/NADP + balance contribute to sugar tolerance.
EXPERIMENTAL PROCEDURES
Experimental procedures are detailed in the Supplemental Information. 
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